The re-invasion of Okinawa by the Bactrocera dorsalis complex (oriental fruit fly and its relatives) after its eradication was comprehensively documented for the first time. From 1987 to 2008, more than 300 adult flies were captured by monitoring traps baited with methyl eugenol, showing frequent re-invasion. During this period, re-colonization (detection of infested fruits) occurred six times; in all cases the flies were successfully re-eradicated by countermeasures (mainly male annihilation method). This indicates that the oriental fruit fly problem in Japan has not been resolved and that the flies should be monitored and counteracted continuously. By summarizing the re-invasion data, we found interesting geographical patterns. Adults were more frequently trapped in the southern area (Sakishima Islands, SI), while colonization occurred more frequently in the northern area (Okinawa Islands, OI). Annual trap catches increased in SI, but not in OI. In SI, adults were trapped most frequently in summer, whereas peak catches in OI were observed in autumn. These results demonstrate that the invasion pattern in OI is independent from that in SI. One possible explanation for the observed geographical differences is that it reflects the difference in invasion causes.
INTRODUCTION
The Bactrocera dorsalis complex (Drew and Hancock, 1994; hereafter BDC) , includes several nominal species that severely damage tropical fruits and vegetables (Clarke et al., 2005) . This group of insects had been eradicated from the Ryukyu Archipelago, including Okinawa, by 1986 by the male annihilation technique with methyl eugenol as an attractant (Koyama et al., 1984; Nakamori et al., 1991) . This eradication has clearly contributed to the increased production of tropical fruits, such as mango, papaya and oranges, in the area. After eradication, several re-invasion events have been detected in Okinawa using monitoring traps (e.g., Koyama, 2000) . In a few cases, localized outbreaks have subsequently occurred and great efforts have been devoted to re-eradicating the flies (e.g., Matsui et al., 1991) . However, no comprehensive report documenting BDC re-invasion in Okinawa has been published to date; thus the primary purpose of this study is to present the re-invasion data from 1987 to 2008. When summarizing the post-eradication invasion data, we found interesting differences in the invasion pattern between the northern (Okinawa Islands) and southern (Sakishima Islands) parts of Okinawa. We present the results of data summarization and discuss the possible cause of the observed geographical differences, which is the second purpose of the present study.
MATERIALS AND METHODS
Trap and attractant for monitoring re-invasion. The trap used for monitoring adults of BDC Re-invasions by Bactrocera dorsalis complex (Diptera: Tephritidae) occurred after its eradication in Okinawa, Japan, and local differences found in the frequency and temporal patterns of invasions was a modified version of that described by Steiner (1957) (Kuba, 2000) . Since 1987, around 550 traps have been placed on 33 inhabited islands almost covering Okinawa Prefecture at a density of approximately one trap per 500 ha (for detailed trapsetting points, see Department of Agriculture, Forestry and Fisheries, Okinawa Prefectural Government, 1994) . The number of monitoring traps varied each year, but was in the range of 534 to 561. Each trap was baited with a rolled piece of cotton (1 cm in diameter, 3 cm in length) soaked in 2.0-2.2 g of a mixture of male attractant (76.0-80.5%), insecticide (3.7-5.0%) and solvent (xylene, 15.0-20.4%). As the male attractant, only methyl eugenol was used from 1987 to 1990, while a mixture of methyl eugenol and cue-lure (male attractant of the melon fly, B. cucurbitae (Coquilett)) in a 9 : 1 blend has been used since 1991. As the insecticide, naled was used from 1986 to 2005, while diazinon has been used since 2006 due to the unavailability of naled. Baited traps were hung on trees 1-1.5 m above the ground. To prevent the predation of trapped insects by ants, a piece of urethane foam coated with a sticky substance (Fujitangle ® ; Fuji Chemicals Industrial Co., Ltd., Tokyo, or Tanglefoot ® ; The Tanglefoot Company, Michigan) was set between the trap and tree (Matsuyama et al., 2008) . Most traps were checked at two-week intervals, but several traps placed in mountainous and uninhabited coastal areas of Iriomote Island were checked at four-week intervals. The attractant was replaced at four-week intervals in all traps. The trapped insects were sent to Okinawa Prefectural Plant Protection Center (former Fruit Fly Eradication Project Office) for sorting and identification.
Identification of trapped fruit flies. Adult BDC were separated from other trapped Bactrocera species based on the pictorial key provided by Takada and Ichinohe (1982) . Further separation of BDC to the species level was not conducted in the present study considering the current confusion in the taxonomy of this species complex (Clarke et al., 2005) , due to the frequent occurrence of morphologically intermediate forms among several nominal species in the field (Iwahashi, 1999a; Iwaizumi, 2004; Wee and Tan, 2005) , variations in diagnostic morphological characteristics (Iwahashi, 1999b; Tan, 2003b; Iwaizumi, 2004) , failure to separate species using several molecular markers (Yong, 1995; Armstrong and Cameron, 2000; Nakahara et al., 2000 Nakahara et al., , 2001 Muraji and Nakahara, 2002; Naeole and Haymer, 2003) , and a lack of reproductive incompatibility among nominal species (Tan, 2003b) . Tan (2003a) suggested that several nominal species of BDC are not distinct genetic species, but taxonomic treatments of these species are not yet fixed. Therefore, species identification of the BDC trapped in the present study awaits establishment of the robust taxonomy of this species complex.
Preventive control. Since 1987, along with monitoring using methyl-eugenol traps, lure-toxicant materials have been distributed throughout Okinawa to prevent re-colonization by re-invading BDC. Wood fiberboards (4.5 cmϫ4.5 cmϫ1 cm), each soaked with a 10-g mixture of methyl eugenol (67.5-80.0%), insecticide (naled or diazinon, 3.5-5.0%) and xylene (15.0-29.9%) (hereafter ME fiberboards), were hung on trees by hand in residential and industrial areas and dispersed from a helicopter in cultivated and forested areas four to six times a year at regular intervals. The total number of ME fiberboards distributed over Okinawa as a preventive control measure varied each year, ranging from 272,000 to 642,000 (but was rather stable from 1991 to 2005; 417,000-624,000 per year).
Countermeasures when BDC was detected. When BDC was detected in a given monitoring trap (defined as "re-invasion"), the fruits of possible host species occurring in Okinawa (listed in Kohama et al., 2001) were extensively collected within a 2-km radius of the trap once soon after detection and once about two weeks later. Also, checking intervals were shortened for traps located within a 5-km radius of the detection trap, and one or a few extra traps were placed within the 2-km radius for a few months after detection when trap density was low or traps were not uniformly distributed within the radius. The collected fruits were kept at 25°C and dissected within one week of collection to check for infestation by fruit-fly larvae. If the infesting insects were confirmed as BDC by rearing some of them up to adulthood (which is defined as "re-colonization"), countermeasures for the purpose of re-eradicating BDC (i.e., the additional distribution of ME fiberboards as a major tactic in conjunction with protein bait spray, incineration and/or flasking of host fruits, and soil disin-fection if necessary), were applied over a 5-km radius from the point where the infested fruit was detected (e.g., Matsui et al., 1991) . This procedure was repeated until BDC was no longer found by trapping or fruit inspection. During the control period, the species of infested fruit and sites where the fruit was found were recorded.
Study area. Okinawa Prefecture is composed of three major island groups, i.e., Okinawa Islands, Daito Islands and Sakishima Islands, which are separated by at least 250 km (Fig. 1) . Data from the Okinawa Islands and Sakishima Islands were used in the present study because BDC has not been detected on the Daito Islands since its eradication. The total areas of these island groups are comparable, while the population density is seven times higher in the Okinawa Islands (Table 1 ). This is because Okinawa Island includes the capital city as well as the industrial and commercial heart of Okinawa Prefecture.
Data analysis. Data on re-invasion and re-colo- (1998, 2002 and 2003) were not included in the calculation. The values significantly varied between the two island groups (Wilcoxon signed-rank test, nϭ12, pϭ0.042). tured per trap in one island group was correlated with that of the other island group, and also with the year. To examine the seasonal trend of the trapping pattern and its heterogeneity between the island groups, the number of trapped individuals was simply summed for each month irrespective of collection year, as in other fruit-fly invasion studies (e.g., Carey, 1991) . If the trapping period for a given individual extended over different months, the data were included in the month which made up the most days within the trapping period. In all the above comparisons between island groups, trapping data from the year when re-colonization was detected were excluded because whether the re-colonization event and our subsequent countermeasures led to an overestimation or underestimation of re-invasion frequency is unclear. Including the data from a re-colonization year may lead to overestimation of the re-invasion frequency because trap catches after confirmation of re-colonization may include the next generation after initial invasion. On the other hand, countermeasures to re-colonization (i.e., additional distribution of ME fiberboards and protein bait spray) may mask other invasion events independent of the detected re-colonization, leading us to underestimate re-invasion frequency.
RESULTS
A total of 314 BDC adults were trapped in Okinawa from 1987 to 2008 (Appendix). During this period, re-colonization by BDC occurred six times and the colonizing population was successfully eradicated in all cases by the countermeasures (Table 2 ). In the case of Tomigusuku, Okinawa Island in 2002, it took longer than four months for BDC to disappear due to the scale of the outbreak, the largest among the six re-colonization events. This led to larger numbers of detection sites, records of more diverse host species and the application of more ME fiberboards than in other cases (Table 2) . Two re-colonization events in the Okinawa Islands (1989 and occurred in the same place (Ueta, Tomigusuku, Okinawa Island; Fig. 1 ). The other two re-colonizations in the Okinawa Islands occurred in the same season within one year (1998) and on adjacent islands (Kume Island and Zamami Island; Fig. 1 ). In the two cases in the Sakishima Islands, infested fruits were found at single sites and BDC disappeared within one month of detection due to the countermeasures, while in the Okinawa Islands, multiple sites of infestation were found and it took more than one month from detection for BDC to disappearance in the four cases ( Table 2) .
The annual mean number of BDC captured per 646 S. OHNO et al. Fig.  1 and Fig. 3 ). 
DISCUSSION
The present paper comprehensively documents the re-invasion of Okinawa by the Bactrocera dorsalis complex (BDC) for the first time. Monitoring traps captured more than 300 flies, showing that frequent re-invasion has occurred to date even though BDC was previously eradicated. Re-colonization (detection of infested fruits) occurred six times; in all cases the flies were successfully reeradicated by countermeasures. This indicates that Okinawa is constantly threatened by BDC invasion, and that the fruit fly problem has not been resolved in Japan. To protect fruit production in southwestern Japan from damage by BDC, we have to monitor the flies continuously, and counteract them whenever they are detected.
Further, the present study clarified a striking local difference in the re-invasion frequency and the temporal trapping patterns between the Sakishima Islands and Okinawa Islands. At present, the factor that generated such differences remains unknown. One possible explanation may be that the major cause of invasion (natural or human-induced factor(s)) varies between the two regions. Under this hypothesis, the higher re-invasion frequency in the Sakishima Islands is congruent with the geographic closeness of the area to BDC's native ranges, such as Taiwan, China and the Philippines, which increases the chance of adult immigration by flight. The higher (or at least, comparable) re-colonization frequency in the Okinawa Islands irrespective of a lower invasion frequency is hard to explain by natural factor(s) alone. The seasonal trapping pattern may also support natural invasion in the Sakishima Islands. The observed summer peak in that area matches peak catches using methyl eugenol in the native ranges of BDC (Taiwan: Lee, 1988; Chen et al., 2002; China: Liu and Ye, 2005; Ye and Liu, 2005; Chen and Ye, 2007; the Philippines: Manoto, 1991; Thailand: Clarke et al., 2001) . The summer trapping peak of BDC in the Sakishima Islands is also congruent with the wind direction in that season (a southerly wind is dominant; Okinawa Meteorological Observatory, 1998), which may help long-range dispersal of adult flies from southern countries such as the Philippines. A small trapping peak in summer observed in the Okinawa Islands may also be attributable to natural invasion. In contrast, a larger autumn peak in the Okinawa Island is difficult to explain by natural factor(s); there is no report from native ranges of BDC showing such a seasonal trapping pattern. Okinawa Island in the Okinawa Islands is the center of international trade and tourism in Okinawa Prefecture; thus, the risk of human-induced invasion in that area is considered to be higher than in the Sakishima Islands. To test the validity of our idea, further analyses using data from other sources (e.g., meteorology, logistics, and quarantine inspection) are needed.
Currently, invasion monitoring and the distribution of ME fiberboards targeting BDC are performed at regular intervals and with almost equal densities between the island groups (see Materials and Methods and Table 1 ). Considering the present results, it may be better to conduct the monitoring and preventive control differently by season and locality; however, the present study found that a higher trapping frequency does not necessarily lead to frequent re-colonization on a geographic or temporal scale. Re-colonization frequently occurred in the Okinawa Islands where trapping frequency was not high (Table 1) . Although peak catch in the Okinawa Islands was observed in November (Fig. 3) , re-colonization events in this area occurred in earlier months (Fig. 1) . These findings may suggest that data from trapping, which catches male adults only, does not necessarily reflect the co-occurrence of gravid females. Further understanding of the relationship between BDC trapping frequency and re-colonization frequency is necessary for future refinement of the monitoring and control of BDC.
Recently, three other invasive Bactrocera species were newly found on the Sakishima Islands but not the Okinawa Islands (Shimizu et al., 2007; , concordant with our data showing an annual increase of BDC invasion only in the Sakishima Islands. There may be some common cause but it is unclear at present. Whether such a tendency is observed for other insects is of great interest.
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